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The fate of a cell may be determined by cell lineage, by 
interaction between the cell and its environment, or by 
both. The importance of cell lineage in specifying cell fate 
varies considerably in the development of different cells. 
At one extreme, cell lineage may be highly determinate; 
the fate of a cell can be predicted from its ancestry. At 
the other extreme, cell lineage may play no role. On the 
surface, these two extremes appear to be very different 
developmental strategies. Appearances, however, can be 
deceiving. Are these two extremes really different in their 
underlying mechanisms? This issue has been addressed 
in the fly sensory nervous system, which includes some 
sensory neurons, such as the ones that innervate sensory 
bristles, that are generated by strict cell lineage, and oth- 
ers, such as photoreceptors, that are generated with no 
influence imparted by cell lineage. 
It is now possible to compare the molecular mechanisms 
used in constructing sensory bristles with those for the 
production of photoreceptors, because considerable prog- 
ress has been made in understanding how a cell acquires 
the potential to become a neural precursor and how it 
realizes that potential and gives rise to sensory neurons 
in the fly. The emerging picture is that the development 
of fly sensory neurons is a progressive process. The devel- 
opmental potential of sensory precursor cells becomes 
progressively restricted as development proceeds. This 
progressive restriction of developmental potential is the 
outcome of a number of discrete steps. Each step is the 
result of the action of a small number of genes, often inter- 
acting with one another (reviewed in Ghysen et al., 1993). 
Even though sensory bristles and photoreceptors appear 
to use very different developmental strategies, the former 
but not the latter involving strict cell lineage, many of the 
steps and the genes that control those steps are common 
to the development of both. The difference in the involve- 
ment of cell lineage can be attributed to the differential 
use of a few groups of genes. 
Comparison of Sensory Bristle and Photoreceptor 
Development 
Sensory Bristle Development 
The surface of a fly is covered with numerous sensory 
bristles. In general, these bristles tend to be solitary and 
located in invariant positions. A simple sensory bristle com- 
prises four cells: a neuron, a sheath cell, a socket cell, 
and a hair cell. These four cells are the progeny, through 
stereotyped cell divisions, of a single precursor cell, the 
sensory organ precursor (SOP). The early steps of sensory 
organ development have been fairly well characterized 
(Figure 1) (reviewed in Ghysen and Dambly-Chaudiere, 
1989; Ghysen et al., 1993). Briefly, the first step of sensory 
bristle development is the turning on of achaete or scute 
genes in clusters of ectodermal cells, achaete and scute 
are called proneural genes because they endow the ecto- 
dermal cells that express them (the proneural cluster) with 
the potential to form SOPs. Since neither a SOP nor its 
progeny migrate much during development, the position 
of achaetelscute proneural clusters prefigures where sen- 
sory bristles will form. Thus, the fly determines where to 
form sensory bristles by controlling the achaetelscute x- 
pression pattern as well as the activities of their protein 
products (reviewed in Campuzano and Modolell, 1992; 
Ghysen et al., 1993). 
Within each proneural cluster, the cells compete with 
each other such that only a subset of cells is singled out 
to develop into SOPs. This singling out process is medi- 
ated by cell-cell interaction through the action of neu- 
rogenic genes such as Notch and Delta (reviewed in 
Campos-Ortega, 1988; Artavanis-Tsakonis and Simpson, 
1991; Ghysen et al., 1993; Jan and Jan, 1994). Once a 
cell is singled out to become a SOP, it starts to express 
two groups of genes: the neural precursor genes (such 
as asense and deadpan), which are shared by all neural 
precursors and probably control neural differentiation, and 
the neuronal type selector genes (such as cut and pox- 
neural), which are expressed in more restricted patterns 
and are involved in specifying neuronal type. The SOP 
then goes through two rounds of cell division and produces 
four progeny cells of four distinct fates. How these four 
different cell fates are specified will be discussed later. It 
should be emphasized that the cell fate decisions are not 
made all at once, but in sequential steps. For instance, 
at the very first step, achaete and scute limit the develop- 
mental potential of the ectodermal cells so that they may 
give rise to external sensory (es) organs (of which sensory 
bristle is one subtype) or multiple dendrite neurons, but 
not photoreceptors. Subsequently, the fates of the cells 
that originate from the achaetelscute proneural clusters 
are further restricted by other factors, among them neu- 
ronal type selector genes. 
Photoreceptor Development 
The compound eye of the fly is made of hundreds of omma- 
tidia arranged in a regular hexagonal array. Each omma- 
tidium is a precise 19 cell assembly of 8 photoreceptors 
and 11 accessory cells (reviewed in Wolff and Ready, 
1993). Mosaic analysis reveals that photoreceptor forma- 
tion relies solely on cellular interactions; cell lineage plays 
no role (Ready et al., 1976; Lawrence and Green, 1979). 
Nevertheless, the initial steps of photoreceptor develop- 
ment are strikingly similar to those of sensory bristle devel- 
opment (Figure 1). As in the case of sensory bristle forma- 
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Figure 1. Progressive Specification of the Sen- 
sory Organ Precursor for a Sensory Bristle or 
the Photoreceptor R8 in Each Ommatidium of
the Fly Eye 
(Top) Expression of the basic-helix-loop-helix 
proneural gene achaete or scute in a proneural 
cluster (shaded ceils on the left) endows those 
cells with competence to form SOPs. Cell-cell 
interaction mediated by neurogenic genes al- 
lows one cell to be singled out from the proneural 
cluster to form a SOP, which divides twice and 
gives rise to four different cells of the external 
sensory (es) organ. 
(Bottom) Expression of the basic-helix-loop- 
helix gene atonal in the proneural stripe along 
the morphogenetic furrow of the eye disc en- 
dows those cells with competence to form R8. 
Cell-cell interaction allows regularly spaced 
cells within the proneural stripe to become R8 
(solid cells). Each R8 then recruits other cells 
to form photoreceptors R1-R7 (only six are 
shown; R7 is at a different level from R8) and 
support cells (not shown) of an ommatidium. 
(Each of the three R8 cells in the diagram will 
recruit cells to form an ommatidium. Only one 
is illustrated in the figure.) 
tion, the first step of photoreceptor development is the 
turning on of a proneural gene, in this case atonal (Jarman 
et al., 1994). Like achaete and scute, atonal also encodes 
a basic-helix-loop-helix type of transcription factor. In the 
developing eye disc, atonal is expressed in a stripe several 
cells in width that runs along the morphogenetic furrow. 
Behind the furrow, this expression becomes restricted to 
isolated cells that are spaced regularly. These cells are 
identified as R8 photoreceptors, the first of the 8 photore- 
ceptors to form in each ommatidium. Without atonal gene 
function, R8 photoreceptors never form (Jarman et al., 
1994). 
The stripe of atonal-expressing cells can be thought of 
as a large proneural stripe made up of a row of proneural 
clusters (Figure 1). From this continuous proneural stripe, 
the regular array of R8 photoreceptors is singled out in 
much the same way as a SOP is singled out from achaetel 
scute proneural clusters, because the same group of neu- 
rogenic genes mediates the singling out process in 
achaetelscute proneural clusters as well as the atonal 
proneural stripe. Loss-of-function mutants of neurogenic 
genes (such as Notch and Delta) lead to the formation of 
supernumerary R8 photoreceptors. 
Subsequent o the singlingout of R8, the developmental 
strategy of photoreceptors diverges from that of sensory 
bristles (Figure 1). In the case of sensory bristles, following 
the singling out of SOPs, a cell lineage mechanism comes 
into play. The SOP goes through stereotyped divisions 
and gives rise to four progenies that constitute a sensory 
bristle. In the case of photoreceptors, R8 recruits R1-R7 
by a process of sequential induction, and a great deal has 
been learned about the induction mechanisms (reviewed 
in Dickson and Hafen, 1993; Zipursky and Rubin, 1994). 
Here, R8 may be viewed as the founder cell that requires 
the atonal proneural gene directly for its formation. The 
recruited cells (R1-R7) require the proneural gene only 
indirectly, through the dependence of R8 on the proneural 
gene. 
What Is Cell Lineage? 
Each sensory bristle is derived from a single precursor 
(SOP) via strict lineage. The SOP divides to give rise to two 
secondary precursors, Ila and lib. For a simple external 
sensory organ, Ila divides once to give rise to hair and 
socket, and lib divides once to produce neuron and sheath 
(Figure 2). More complex sensory bristles contain addi- 
tional neurons that are generated via additional cell divi- 
sions within the SOP lineage. What controls the fate of 
the cells that make up a sensory bristle? This problem 
deals with a fundamental question in the study of develop- 
ment, i.e., how a single cell can give rise to daughter cells 
that have distinct fates. Any cell division that gives rise to 
two daughter cells with distinct fates is defined as asym- 
metric division (reviewed in Horvitz and Herskowitz, 1992). 
Two types of mechanisms may generate asymmetric ell 
divisions: extrinsic mechanisms (daughter cells are ini- 
tially equivalent, and the asymmetry is the result of the 
daughter cells interacting with each other or with their envi- 
ronment) and intrinsic mechanisms (daughter cells inherit 
unequal amounts of determinant[s]). Both extrinsic and 
intrinsic mechanisms are used in generating the different 
cells of a sensory bristle (reviewed in Posakony, 1994; Jan 
and Jan, 1994; Rhyu, 1994). 
Extrinsic Mechanisms 
We know that an extrinsic mechanism is used in generat- 
ing a sensory bristle because Notch and Delta are required 
for the four cells to assume their proper fate (Hartenstein 
and Posakony, 1990; Parks and Muskavitch, 1993). Notch 
and Delta are known to mediate cell-cell interaction via a 
receptor-ligand interaction, with Notch being the receptor 
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Cell Division 
In Notch and numb mutants, the strongest phe- 
notypes are the formation of four neurons or 
four socket cells, respectively, by the four prog- 
eny cells of a SOP (based on Hartenstein and 
Posakony, 1990; Rhyu et al., 1994). 
and Delta being one of its putative ligands. The involve- 
ment of Notch and Delta in generating asymmetry of SOP 
cell divisions was revealed by studying the temperature- 
sensitive mutants of Notch or Delta (Hartenstein and Posa- 
kony, 1990; Parks and Muskavitch, 1993). By shifting these 
mutants to a restrictive temperature at different larval and 
pupal stages, Notch or Delta activity can be reduced du ring 
SOP formation, or later during cell division in the SOP 
lineage. If Notch or Delta activity is reduced prior to SOP 
division, supernumerary sensory bristles are produced at 
the expense of epidermal cells. This is due to the interfer- 
ence of the singling out of SOPs from proneural clusters. 
in contrast, reduction of Notch or Delta activities around 
the time of SOP and secondary precursor cell divisions 
leads to bald phenotype, in which the hair and socket cells 
are missing. Under the bald cuticle, at the positions where 
bristles are normally found, two or four neurons are found, 
depending on the timing of the temperature shift. Thus, 
the SOP and secondary precursor apparently still divide 
to give rise to four progenies. If the reduction of Notch or 
Delta activity affects only the asymmetry of the division of 
SOPs, two lib cells form and give rise to two neurons and 
two sheath cells. If the temperature shift affects the divi- 
sion of both SOP and secondary precursors, all of these 
divisions become symmetrical; two lib cells form and they 
produce four neurons (Figure 2). These results suggest 
that Notch and Delta are used in mediating cell-cell inter- 
actions during multiple stages of sensory bristle develop- 
ment. They are used not only in the singling out of SOPs 
from proneural clusters but also in generating asymmetry 
of SOP and secondary precursor cell divisions. 
Intrinsic Mechanisms 
In addition to cell-cell interaction, an intrinsic mechanism 
also plays an important role in generating asymmetry in 
SOP and secondary precursor cell divisions. The gene 
numb appears to be key (Uemura et al., 1989; Rhyu et 
al., 1994; Rhyu, 1994). In the numb- mutant, the SOP gives 
rise to the normal number of four progeny cells. However, 
the neuron is transformed into a support cell. The two most 
commonly observed phenotypes are the transformation 
of the neuron and sheath cell into a hair cell and a socket 
cell and the development of all four cells as socket cells 
(Figure 2). Thus, numb also appears to function in all three 
cell divisions for the generation of asymmetry. The first 
phenotype results from the loss of asymmetry of the first 
division, i.e., the SOP divides into two Ila cells instead of 
one Ila and one lib. Consequently, the neuron and the 
sheath cell are transformed into a hair cell and a socket 
cell. The second phenotype represents the most extreme 
numb- phenotype, in which all the divisions become sym- 
metrical, and the sequential transformations of lib to Ila 
and hair cell to socket cell lead to the formation of four 
socket cells. 
Immunocytochemical experiments reveal that numb 
protein is membrane associated and is asymmetrically o- 
calized in the shape of a crescent in the SOP cell prior to 
cell division. Upon division, numb protein is preferentially 
segregated into one of the two secondary precursors 
(probably lib; Rhyu et al., 1994). The level of numb controls 
cell fate. In the numb- mutant, neither of the secondary 
precursors has numb protein, and they both develop into 
ila cells. Conversely, if the level of numb is kept high in 
both secondary precursors by giving heat pulse around 
the time of SOP division to a transgenic fly carrying numb 
under the control of a heat-shock promoter, then Ila is 
transformed into lib. Consequently, a supernumerary neu- 
ron and sheath cell are produced at the expense of a hair 
cell and a socket cell. Together, these experiments how 
that the numb protein is segregated unequally into the two 
daughters, and that the different numb levels in the two 
daughter cells determine their cell fate (Rhyu et al., 1994). 
The unequal segregation of numb appears to be a general 
feature of asymmetric ell division in the fly nervous sys- 
tem. It occurs not only in the division of sensory bristle 
precursors but also in other PNS precursors such as 
chordotonal organ precursors. It also occurs in CNS pre- 
cursors (the neuroblasts; Rhyu et al., 1994). In contrast, 
unequal segregation of numb does not occur in cell divi- 
sions that give rise to precursors of photoreceptors, a de- 
velopmental process that does not involve cell lineage in 
cell fate specification (J. Knoblich, unpublished data). 
How Do the Intrinsic and Extrinsic 
Mechanisms Interface? 
Given that both cell-cell interaction mediated by Notch 
and Delta and intrinsic mechanism involving numb are 
used in specifying sensory organ cell fate, how do the 
extrinsic and intrinsic signaling pathways interface? 
The Notch/Delta system appears to be a fairly universal 
mechanism of cell-cell interaction used in various deve!- 
opmental processes in possibly all multicellular organ- 
isms. It seems to be employed whenever cells need to be 
singled out from an equivalence group to take a distinct 
cell fate. In Drosophila, this mechanism is used repeatedly 
in the development of all three germ layers (ectoderm, 
mesoderm, and endoderm; reviewed in Jan and Jan, 
1993). In neural development, it is used both in situations 
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where cell lineage plays no role in cell fate specification 
(e.g., singling out of R8) and in situations where there is 
strict cell lineage (e.g., the singling out of the SOP and 
specification of sensory bristle cell fates). We think that, 
when strict cell lineage is desired, an intrinsic mechanism 
utilizing numb protein is superimposed on the Notch/Delta 
system to bias the competition, so that the outcome of 
competition is highly predictable rather than stochastic. 
Considering two daughter cells, in the absence of numb, 
the two cells are initially equivalent. According to the cur- 
rent model of the Notch/Delta system, the two cells will 
start with equivalent amounts of Notch and Delta (Heitzler 
and Simpson, 1991). Owing to stochastic fluctuations, one 
cell (say A) may have a slightly higher amount of Notch 
and would receive a slightly higher amount of inhibitory 
signal, which will lead to a decreased expression of Delta, 
and hence decreased ability to inhibit its neighbor. Be- 
cause cell B receives less inhibitory signal, it will produce 
more Delta and increase its ability toinhibit cell A. Such 
a feedback loop would amplify the initial slight difference 
in the level of Notch or Delta and result in the inhibition 
of one cell by the other, so that the two cells will assume 
different fates. We speculate that this Notch/Delta system 
is not sufficiently reliable to ensure that the two cells al- 
ways acquire two different fates in the allotted time. (In 
the case of Ila vs. lib fates, the time window is less than 
2 hr.) Presumably, the asymmetrically localized numb pro- 
tein provides a strong initial bias, perhaps by inhibiting 
the function of Notch. Thus, the cell that preferentially 
receives numb would have Notch activity suppressed at 
the outset. The Notch/Delta cell-cell interaction system 
would then ensure that this cell will develop into B. This 
hypothesis could explain the variable phenotype resulting 
from complete loss of numb function. In numb clones 
some sensory bristles show the severe phenotype of hav- 
ing four socket cells, whereas other sensory bristles de- 
velop normally (Rhyu et al., 1994). Our interpretation is 
that, in the absence of numb, the Notch/Delta system still 
operates, but is not sufficiently reliable. (One can image 
that the initial stochastic difference in the level of Notch 
or Delta needs to exceed a certain threshold to activate 
the feedback loop. This may or may not happen in the 
allotted time.) The variable phenotype reflects the stochas- 
tic nature of the onset of the Notch/Delta feedback loop. 
Some sensory bristle cells were able to finish the competi- 
tion and form normal sensory bristles with four distinct 
fates, whereas others were unable to do so. 
In the case where cell lineage plays no role, one might 
expect that numb is not involved in specifying cell fate. 
Indeed, in mosaic eyes, numb- clones have normal omma- 
tidia (J. Knoblich, unpublished data). 
Assuming that the function of numb is to set a bias on the 
Notch/Delta system by suppressing the function of Notch. 
This suppression need not be direct, numb could act on 
Notch or downstream genes of Notch, either directly or 
through intermediaries. Therefore, to test this hypothesis, 
it is essential to know the various components of the Notch 
and numb signaling pathways. In addition to some genes 
of the neurogenic group (Artavanis-Tsakonis and Simp- 
son, 1991), several other genes are excellent candidates 
(for reviews, see Posakony, 1994; Jan and Jan, 1994), in- 
cluding Suppressor of Hairless, tramtrack, Hairless, twins, 
and musashi. Mutations of these genes cause cell fate 
transformations in sensory bristles; loss of function muta- 
tions of Suppressor of Hairless or tramtrack result in a 
sensory bristle phenotype similar to those of Notch and 
Delta, whereas loss-of-function phenotypes of Hairless, 
twins, or musashi resemble that of numb. These genes 
encode putative transcription regulators, DNA binding pro- 
tein, RNA binding protein, and phosphatase. Thus, they 
may serve to relay the signals from the cell membrane 
through the cytoplasm into the nucleus in Notch and/or 
numb signaling pathway. 
There is now evidence suggesting that Suppressor of 
Hairless functions in the Notch signaling pathway (Fortini 
and Artavanis-Tsakonas, 1994) and that tramtrack func- 
tions downstream of numb (Guo et al., submitted). Sup- 
pressor of Hairless exhibits allele-specific genetic interac- 
tions with Notch and Delta. In cultured Drosophila cells, 
the Suppressor of Hairless protein is normally localized 
in the nucleus. However, the Suppressor of Hairless pro- 
tein is sequestered in the cytoplasm in the presence of 
cytoplasmic Notch protein and is translocated to the nu- 
cleus when Notch binds to its ligand Delta. Notch and Sup- 
pressor of Hairless interaction probably occurs through 
direct protein-protein interaction. These results suggest 
that Notch activity is at least in part transduced to the 
nucleus via the regulation of translocation of the DNA bind- 
ing protein Suppressor of Hairless (Fortini and Artavanis- 
Tsakonas, 1994). 
Both loss-of-function and overexpression of tramtrack, 
which encodes a putative transcription factor containing 
zinc fingers (Harrison and Travers, 1990), disrupt the 
asymmetry of the SOP division. Loss of tramtrackfunction 
transforms support cells to neurons, whereas tramtrack 
overexpression results in the reverse transformation. Thus, 
loss of tramtrack or numb function results in reciprocal cell 
fate transformation. Epistatic studies suggest that tramtrack 
acts downstream of numb (Guo et al., submitted). 
An important ask in the future is to identify all the compo- 
nents and to figure out their functional roles in the Notch 
and numb signaling pathways. Once this is achieved, one 
probably will have understood cell lineage. 
Vertebrates Too? 
In trying to understand the development of the fly sensory 
nervous system, we have encountered.problems that are 
general in neural development. How does the animal con- 
trol where to make its nervous system? How many neurons 
are to be generated? Which types? How is "neuralness" 
conferred? In the past decade, considerable progress has 
been made toward answering these questions in the fly 
sensory nervous system. Are the molecular mechanisms 
uncovered from studies of the fly applicable to vertebrate 
neural development? The answer is not certain, but the 
preliminary indication is that the answer will be "yes." Many 
of the key genes mentioned in this review have been found 
to have a high degree of evolutionary conservation at the 
amino acid sequence level. A partial list includes achaete, 
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scute, Notch, and numb. Exper iments designed to test the 
function of vertebrate homologs have thus far suggested 
that the vertebrate homologs often do have functions anal- 
ogous to those of their counterparts in fly (Coffman et al., 
1993; Gui l lemot et al., 1993; Turner and Weintraub, 1994; 
Nye et al., 1994; Kopan et al., 1994). Conversely, it will be 
interesting to know whether there are fly counterparts of 
molecular mechanisms uncovered from studying verte- 
brate neural induction and nervous system patterning 
(e.g., Smith and Harland, 1992; Basler et al., 1993; Hem- 
mati-Brivanlou et al., 1994). 
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